Introduction {#S5}
============

Leptin is an adipokine released peripherally from fat cells that contributes to regulating body adiposity through a feedback loop whereby elevations in leptin are recognized by the central nervous system, acting as a satiety signal to suppress appetite (reviewed by^[@R1]^). Leptin resistance in the brain is thought to be responsible for a failure of the high levels of circulating leptin to suppress appetite, ultimately resulting in increased food intake and adiposity. The central leptin resistance is site-specific since other functions of leptin in regulating inflammation and sympathetic activation remain intact. Therefore, high leptin levels may be a part of the cascade causing the low-grade systemic inflammation and sympathetic nervous system-mediated hypertension commonly seen in obesity^[@R1]^ and be an independent risk factor for cardiovascular disease.^[@R2],\ [@R3]^

Since obesity and OSA commonly coexist (reviewed by^[@R4]^), it is important to understand how the two disorders might interact in determining leptin levels. It is conceivable that in the most obese subjects the effects of OSA on leptin levels is small since there is already very high stimulation by obesity. Some studies have found that OSA subjects have higher leptin levels than controls^[@R5]--[@R18]^ even when matched for BMI^[@R6],\ [@R7],\ [@R10],\ [@R13],\ [@R14],\ [@R16]^ and a decrease in leptin levels with continuous positive airway pressure (CPAP) treatment.^[@R7],\ [@R18]--[@R25]^ There are, however, conflicting data showing no differences in leptin levels between OSA subjects and controls^[@R26]--[@R32]^ and no change with CPAP treatment.^[@R26],\ [@R32]--[@R37]^ Finally, three small studies suggest differential effects of OSA on leptin levels depending on obesity; two studies showing effects of OSA in lean subjects only but the third effects in obese subjects only.^[@R28],\ [@R38],\ [@R39]^ In none of these studies has the relative role of subcutaneous and visceral fat been adequately addressed which may be an important factor since subcutaneous fat has been found to produce more leptin than visceral fat.^[@R40]--[@R42]^

The aim of this study was to assess whether OSA severity has an independent relationship with leptin levels after adjusting for different measures of obesity and whether the relationship between OSA severity and leptin levels differs depending on obesity level. Analyses were performed using a large cross-sectional study of OSA patients with varying degrees of obesity, who had a magnetic resonance imaging (MRI) evaluation of abdominal subcutaneous and visceral fat. The subjects are part of the Icelandic Sleep Apnea Cohort (ISAC). The primary *a priori* hypothesis for these analyses was that OSA severity would be independently associated with leptin levels adjusting for obesity and differential effects of OSA would be found depending on obesity level.

Methods {#S6}
=======

Participants and measurements {#S7}
-----------------------------

All patients diagnosed with moderate to severe OSA in Iceland and referred for CPAP treatment to the Landspitali -- The National University Hospital of Iceland from September 2005 -- September 2008 were invited to join the study (with an apnea-hypopnea index \[AHI\] ≥15 on original sleep study). This is the only site in Iceland providing CPAP therapy. More than 90% of eligible and approached subjects agreed to participate (n=530). Subjects answered standardized questionnaires, including questions about general medical history and medication. Blood was drawn in the morning after sleep from the antecubital vein of fasting untreated subjects and leptin levels measured in serum. For further details, [see supplement](#SD1){ref-type="supplementary-material"}.

Biomarker assessment {#S8}
--------------------

A radioimmunoassay (RIA) was used to determine serum leptin levels in ng/ml, using the double antibody/PEG technique with I^125^-labeled human leptin and human leptin antiserum (Millipore, HL-81K). Leptin levels were measured in duplicate. For further details, [see supplement](#SD1){ref-type="supplementary-material"}.

Whole night study {#S9}
-----------------

The subjects had a sleep study while untreated with an Embletta type 3 portable monitor or an Embla 12 channel system (Embla™; Reykjavik, Iceland) recording the same channels. All sleep studies were re-read by a centralized scoring lab using the Somnologica Studio software. An apnea-hypopnea index (AHI) and an oxygen desaturation index (ODI) (≥4%) were calculated (for definition of events, see Supplement). The minimum SaO~2~ was defined as the lowest oxygen saturation reached during the study. Hypoxia time was defined as the number of minutes with SaO~2~ \<90%. For further details, see [supplement](#SD1){ref-type="supplementary-material"}.

Magnetic resonance imaging (MRI) {#S10}
--------------------------------

Subjects underwent MRI of the abdomen using a 1.5T scanner (Siemens Avanto, Germany) while untreated. Briefly, the abdominal compartment was defined from the superior aspect of the xiphoid process to the anterior portion of the L5-S1 interspace. MR images were obtained in 1 cm contiguous intervals through the abdominal compartment and summed to assess the total abdominal, subcutaneous and visceral fat volume. Intraclass correlation coefficient (ICC) analyses for visceral and subcutaneous fat volumes, for two trained raters, were both essentially 1.0, showing ignorable technical variability. For further details, see supplement and our previous publication.^[@R43]^

Statistical analyses {#S11}
--------------------

Descriptive group comparisons were performed using one-way analysis of variance (ANOVA) and chi-square tests for continuous and categorical variables, respectively. Leptin levels were (natural) log transformed for normality in all analyses.

Initial evaluations of the strengths of linear associations between leptin levels, obesity and OSA severity were based on Pearson and Spearman rank correlations. Statistical tests that compared the strengths of linear associations between leptin levels and different obesity metrics were produced using a non-parametric bootstrap re-sampling procedure (n=1000 replications) that accounted for within subject correlations.^[@R44]^

The goal of the primary analysis was to estimate the simultaneous statistical effects of OSA and obesity severity and their interaction on leptin levels. The parameters of the multiple linear regression model included higher order and interaction terms (response surface modeling^[@R45]^) to permit the association of OSA severity to depend on obesity in both linear and non-linear ways. Different obesity and OSA severity markers were compared for their ability to explain variance in leptin levels. The prediction equation included linear and quadratic terms for selected OSA and obesity severity measures as well as interactions between obesity and OSA linear and higher orders terms as follows: E(log(leptin)) = *β~0~ + β~1~\*OSA + β~2~\*(OSA)^2^ + β~3~\*Obesity + β~4~\*(Obesity)^2^ + β~5~\*(OSA\*Obesity) + β~6~\*OSA\*(Obesity)^2^ + β~7~\*BMI\*(Obesity)^2^*. A p value of ≤0.05 was considered significant for all analyses. For further details on analytical strategies, see our previous publication.^[@R46]^

The primary analysis was performed on n=452 subjects in the study cohort in three strata defined on the basis of BMI categories restricted to have identical ranges of OSA severity. This was done to avoid extrapolation in covariate analyses (see details below). Sensitivity analyses were conducted with all subjects included (n=520) as well as cohorts with further exclusions based on comparable hypoxia severity (hypoxia time and minSaO~2~). Analyses were also repeated excluding premenopausal women (n=13/75) and women on hormone replacement therapy (HRT) (n=4/75). All sensitivity analyses led to the same conclusions as the primary analysis, see [supplemental Table E1](#SD1){ref-type="supplementary-material"}.

Individuals who were responsible for scoring of sleep studies and measurements of MRIs and leptin levels were blinded to other data. The consents of the National Bioethics Committee of Iceland, the Data Protection Authority of Iceland and the Institutional Review Board of the University of Pennsylvania were granted for the study. Written consent was obtained from the research subjects.

Results {#S12}
=======

Demographics and data on sleep-disordered breathing {#S13}
---------------------------------------------------

A total of 530 subjects completed the study. 9 subjects had sleep studies that did not fulfill the quality criteria (inadequate quality of the oximeter signal) and were excluded from further analysis. One subject was excluded due to extreme leptin values (twice as high as the next highest sample, 216 ng/ml). The cohort was divided into three BMI categories; BMI \<30, BMI 30--35, and BMI ≥35 kg/m^2^ for descriptive analysis ([Figure 1](#F1){ref-type="fig"}). Increased OSA severity was apparent with increased BMI ([supplemental Figure E1](#SD1){ref-type="supplementary-material"}). The primary study cohort therefore included only patients with an AHI 14--80 and an ODI 10--65 (n=452), excluding subjects with OSA severity not found in other BMI groups (n=68, [supplemental Figure E1](#SD1){ref-type="supplementary-material"}). Analyses including all subjects, showed similar results and are presented in [supplemental Table E1](#SD1){ref-type="supplementary-material"}. See further details in our previous publication.^[@R46]^

The three BMI groups were similar with regard to demographics except the prevalence of hypertension and diabetes increased with increasing BMI ([Table 1](#T1){ref-type="table"}). Also with increasing BMI, the average degree of hypoxia increased despite having restricted the ranges for AHI and ODI to be equal. The AHI was, however, comparable between BMI groups. Complete abdominal MRI measurements were obtained in 82% of the study cohort. Failure to obtain MRI assessment occurred more commonly in the most obese group, usually due to claustrophobia or image quality issues. 62 out of 75 women were postmenopausal and n=4 were on HRT.

Leptin levels in the cohort {#S14}
---------------------------

The distribution of leptin levels was highly skewed and therefore log transformed to permit parametric analysis. Leptin levels were lowest in the nonobese OSA group and increased significantly with increased obesity level ([Table 1](#T1){ref-type="table"}). For males, the geometric mean (95% CI) leptin level was 9.0 (8.5 -- 9.6) ng/ml and for females, it was 24.0 (20.7 -- 27.8) ng/ml, p\<0.0001. Menopausal status was not significantly associated with leptin levels.

Relationship between leptin levels and different measures of obesity {#S15}
--------------------------------------------------------------------

The correlations between leptin levels and different measures of obesity were assessed with and without adjustment for gender ([Table 2](#T2){ref-type="table"}). The magnitude of correlation between total fat volume and leptin levels, adjusting for gender, was significantly highest of all the obesity measures (r=0.73, p\<0.001). The correlations for BMI, waist circumference and subcutaneous fat volume were significantly lower based on bootstrap-based comparison (r=0.64--0.69, p\<0.0001). Visceral fat volume, neck circumference and waist-to-hip ratio were significantly less associated with leptin levels than all of the above.

Relationship between leptin levels and OSA severity {#S16}
---------------------------------------------------

The primary hypothesis tested was that OSA severity contributes to explaining the variance in leptin levels after accounting for the role of obesity. Four measures of OSA were assessed; AHI, ODI, hypoxia time and minimum SaO~2~. A simple correlation analysis for the whole study cohort showed a significant association between leptin levels and both hypoxia time (r=0.20, p\<0.0001) and minimum SaO~2~ (r= −0.17, p=0.003) but not with AHI or ODI ([Table 3](#T3){ref-type="table"}). However, when the association of leptin levels and OSA severity was assessed within the three BMI categories, no correlation was found with any measure of OSA severity.

Leptin levels: Role of OSA after adjustment for BMI {#S17}
---------------------------------------------------

To simultaneously estimate the role of OSA severity and obesity in leptin levels as well as the possible interaction between OSA severity and obesity in leptin levels, a multiple linear regression model was employed (as described in Methods). Initial analyses involved BMI as the primary measure of obesity as it was the simplest measure of obesity, with the highest number of subjects available and had a strong correlation with leptin levels. Additional analyses involved waist circumference and fat distribution variables from the MRI analysis. All analyses were adjusted for gender as the gender main effect explained \~20% of the variance in leptin levels. Because the gender main effect was so large, careful attention was paid to the potential for gender to act as a confounding factor and effect modifier (interaction). Although adding gender to the model increased explained variance substantially, its addition did not appreciably change model parameter estimates indicating that gender is not a key confounding factor when estimating simultaneously the relationship between obesity and OSA severity on leptin. Moreover, when the set of gender interactions with obesity and OSA were added to the model, these were not statistically significant (p=0.10) and the increase in explained variance was very small (1.0%). While the relatively small number of females makes estimating gender-specific parameters challenging and reduces power to detect interactions, results implied that controlling for gender as a main effect added power and did not distort the primary findings.

The models with BMI, gender and the four different measures of OSA severity (AHI, ODI, hypoxia time and minSaO~2~) all explained a similar amount of variance in leptin levels (R^2^=60.0--60.6%). BMI was significantly associated with leptin levels in all analyses, accounting for over half of explained variance in leptin while gender explained \~20%. However, no measure of OSA severity was significantly associated with leptin levels and no interaction was found between BMI and OSA severity on leptin levels ([Table E1 in Supplement](#SD1){ref-type="supplementary-material"}). [Figure 2](#F2){ref-type="fig"} shows a three-dimensional graph of the association of BMI and leptin (large effect) and different measures of OSA severity (no effect) and leptin levels, adjusting for gender. When the same analysis was performed for the complete cohort with no exclusions, AHI explained 1% of the variance in leptin levels indicating a potential very minor independent association of OSA severity and leptin levels.

Leptin levels: Multivariable models with different measures of obesity {#S18}
----------------------------------------------------------------------

The model with waist circumference and AHI, instead of BMI and AHI, explained a similar percentage of leptin levels (63.2% vs. 60.6%, difference not significant in bootstrap comparison). Also, AHI significantly explained, a very small percentage (1.1%) of the variance of leptin levels with waist circumference in the model, not found for any of the three hypoxia variables or when using BMI as the obesity variable.

To compare how well MRI measures of obesity predict leptin levels in multivariable models, in comparison to anthropometric measures, the n=371 subset with MRI measurements was assessed (gender and OSA severity included in model). The model with total abdominal fat explained the largest amount of variance in leptin levels, 69.0% (significantly highest by bootstrap analysis) while models with BMI and waist circumference explained 61.1% and 62.4%, respectively. The model with subcutaneous fat explained 66.5% but the model with visceral fat explained less than all the models above, i.e., 55.5% of the variance. The association of OSA and leptin levels remained nonsignificant in the models with total abdominal fat as the obesity variable and there was no interaction between total fat volume and OSA severity. Gender continued to explain a large proportion of the variance in leptin levels in these models.

The role of other covariates in leptin levels {#S19}
---------------------------------------------

The associations of potential confounders on leptin levels were tested separately for each confounder in the model with BMI and AHI ([Table E2](#SD1){ref-type="supplementary-material"}). Age and cardiovascular disease had statistically significant but small associations with leptin levels and explained some additional variance in leptin levels beyond obesity and gender. Adding to the model an extra fat variable, visceral to subcutaneous fat volume ratio or visceral fat volume alone explained additional variance in leptin levels (6.1% and 2.8%, respectively), further emphasizing the importance of fat distribution in leptin levels. Total fat volume and subcutaneous fat volume could not be assessed as covariates as they were highly correlated with BMI (r\>0.85). Two covariates had a significant effect on the interaction between OSA severity and obesity; hypertension (p=0.04) and age group (p=0.04). Subgroup analyses for age category showed minor inconsistent associations of OSA severity and leptin levels. Subgroup analyses for hypertension status are now described.

Hypertension and leptin levels {#S20}
------------------------------

Post-hoc subgroup analyses were performed separately for hypertensive (n=199) and nonhypertensive (n=249) subjects using the same model as above with BMI. Hypertensive subjects had higher leptin levels than the nonhypertensive (12.6 \[11.4--14.0\] ng/ml vs. 9.3 \[8.5--10.1\] ng/ml, p\<0.0001). They were also 6 years older on average and more obese (by 2.3 BMI units). No gender differences were found. For nonhypertensive subjects, there was a minor but significant effect of OSA severity on leptin levels, explaining 3.2% of the variance in leptin levels as well as a significant interaction between OSA severity and BMI, explaining an additional 1.5% of the variance. For nonhypertensive subjects, the role of increased OSA severity was greatest for nonobese subjects ([Figure 3](#F3){ref-type="fig"}), i.e. a nonhypertensive OSA patient with a BMI of 25 and AHI 30 had expected leptin levels of 4.6 ng/ml in the model but a nonhypertensive subject with the same BMI but an AHI 70 had expected leptin levels of 8.4 ng/ml. No such differences were found for obese nonhypertensive subjects, for hypertensive subjects or those on different classes of antihypertensives. Models with waist circumference or total fat volume instead of BMI had the same findings.

Discussion {#S21}
==========

Our results, in a large cross-sectional clinical sample of OSA subjects, show that obesity and gender have a dominant role in leptin levels. The highest association is with total abdominal fat volume. Models including this measure of obesity explain 69.0% of the total variance in leptin levels. There is an association of OSA severity with leptin levels but not after adjusting for obesity. Subgroup analyses indicate that OSA severity is independently related to leptin levels in nonhypertensive nonobese OSA subjects, but even in this group the role of OSA severity is small and not likely to be clinically meaningful. Thus, the major determinants of leptin levels are obesity and gender and not OSA.

The role of fat {#S22}
---------------

Obesity and OSA commonly coexist as obesity is the most important risk factor for OSA (reviewed by^[@R4]^) making studies assessing their independent effects more difficult. The increased adipose tissue surrounding the upper airway in obesity causes increased volume of upper airway structures, increasing the risk of airway collapse.^[@R47]^ The increased fat mass also decreases lung volume and may affect neuromuscular control (reviewed by^[@R48]^). Visceral fat accumulation is more associated with adverse health effects than other fat deposits (reviewed by^[@R49]^) and may also be more associated with the presence of OSA than other measures of obesity.^[@R14],\ [@R17],\ [@R50]^

This study showed that obesity level explains the majority of the variance in leptin levels. Our results are in agreement with previous studies showing that subcutaneous fat produces more leptin than visceral fat^[@R40]--[@R42]^, as we found a higher correlation between leptin levels and subcutaneous fat volume than with visceral fat volume. However, our study also shows that total abdominal fat volume is the best indicator for leptin levels in sleep apneic subjects. Our results are in contrast to a study on nonobese Japanese OSA subjects (n=96) which found a higher correlation between leptin and visceral fat than with subcutaneous fat and no effect of obesity after adjusting for OSA severity.^[@R14]^ The differences in results are likely due to the large BMI differences between the two studies and the small BMI range in the previous study. Ethnic differences may have also play a role.^[@R51]--[@R55]^

The role of gender {#S23}
------------------

Females have, on average, more than twice as high leptin levels than males in this study as has previously been reported.^[@R56]^ These differences are partly explained by higher fat mass and more subcutaneous fat in females compared to males but may also be due to sex steroids (bio-available estrogen and testesterone).^[@R56]^ In our study the number of females was relatively small compared to males and power to detect a gender difference may be limited. However, our study still includes more females (n=75) than the majority of previously published studies on OSA and leptin levels. Most studies have focused on males only^[@R8]--[@R10],\ [@R13]--[@R17],\ [@R19],\ [@R22],\ [@R24]--[@R26],\ [@R28],\ [@R29],\ [@R32],\ [@R38]^ and many studies include a very low number of females (≤5 per group).^[@R7],\ [@R11],\ [@R18],\ [@R20],\ [@R23],\ [@R34],\ [@R35]^ Four other studies have had a reasonable number of females (n=44--81).^[@R5],\ [@R12],\ [@R30],\ [@R39]^ Our results show that while gender explains a substantial portion of leptin variance, controlling for gender differences did not appreciably change the relationship between obesity, OSA and leptin in our cohort of subjects.

The role of sleep-disordered breathing {#S24}
--------------------------------------

The association of OSA severity and leptin levels after adjusting for obesity and gender, was none or very minor in the whole cohort. However, a post-hoc subgroup analysis on nonhypertensive subjects showed a significant, albeit very small, association of OSA severity and leptin levels. This association was found in nonobese subjects.It may be that the oxidative stress and inflammation associated with OSA^[@R4]^ only contribute to an increase in leptin levels in subjects who are not already chronically exposed to these physiological stressors. The obese and hypertensive OSA subjects may already have maximal stimulation of leptin levels. It is important to remember though that there is strong evidence that OSA itself causes hypertension, complicating research when looking at hypertension simply as a confounder to the independent effects of OSA. Those more vulnerable to pathological cardiometabolic effects of OSA, likely due to genetic predisposition, will therefore already have hypertension and be on hypertensive medication (reviewed by^[@R4],\ [@R57]^).

In support of our results, other studies comparing obese and nonobese subjects, have shown differential effects of OSA on leptin levels depending on the degree of obesity.^[@R28],\ [@R38],\ [@R39]^ Two of these studies have comparable results to our study; showing a difference in leptin levels between nonobese OSA subjects and controls only as well as a decrease in leptin levels with CPAP in nonobese subjects only.^[@R38],\ [@R39]^ A recent study in mice exposed to intermittent hypoxia also supports these findings, showing increased leptin levels in lean but not obese mice.^[@R58]^ However, in another report, no difference in leptin levels between OSA subjects and controls was found and a decrease in leptin levels with CPAP was found in the obese OSA subjects only.^[@R28]^

The discrepancy in the earlier OSA literature on leptin levels, as discussed in the introduction, is likely partly due to the heterogeneity of leptin levels for different obesity levels and hypertension status in OSA subjects as found in our study. Many of the previous studies have a small sample size (n\<30 per group/assessment^[@R7],\ [@R9]--[@R11],\ [@R15]--[@R20],\ [@R22]--[@R25],\ [@R28],\ [@R31]--[@R36],\ [@R38],\ [@R39]^), the OSA subjects often had higher obesity levels than controls (2--6 BMI units^[@R8],\ [@R11],\ [@R15],\ [@R17],\ [@R18],\ [@R27],\ [@R28]^ or difference in other fat variables between groups^[@R6],\ [@R8],\ [@R14],\ [@R30]^), higher age (3--8 years^[@R8],\ [@R11],\ [@R15],\ [@R17],\ [@R27],\ [@R28],\ [@R31],\ [@R32]^), and more comorbidities^[@R6],\ [@R17],\ [@R32]^. In CPAP studies^[@R7],\ [@R18]--[@R26],\ [@R28],\ [@R32]--[@R38]^, changes in weight^[@R32],\ [@R34]^ and possibly fat distribution with CPAP use^[@R25]^ may also be of importance. Ethnic differences may play an important role in the discrepancy as well, due to different etiology in the onset of obesity-related morbidities, such as type 2 diabetes.^[@R51]^ Asians may have a different susceptibility to OSA^[@R52],\ [@R53]^ and a different leptin profile to Caucasians and other ethnicities.^[@R54],\ [@R55]^ Many studies reporting effects of OSA on leptin levels have been performed in relatively lean Asians^[@R7],\ [@R9],\ [@R14],\ [@R15],\ [@R19],\ [@R20],\ [@R24]^, while only two studies in Asians have shown no relationship between leptin levels and OSA.^[@R30],\ [@R32]^

Strengths and limitations of the study design {#S25}
---------------------------------------------

The strengths of this study include a large sample of OSA subjects with a broad range of BMI and OSA severity (AHI from 14--80), allowing analyses of the role of OSA severity and obesity level as well as their potential interaction. Also, the sample is a clinical sample with various co-morbidities, representing the whole spectrum of OSA patients. The MRI studies performed to assess visceral and subcutaneous abdominal fat included assessment of the total abdominal volume and both the MRI and sleep studies were read by centralized labs, with high reliability of assessment.

The limitations included the relatively low percentage of females as discussed above, although given the size of the sample we still had a higher number of females than previous studies. The lack of subjects in our study with mild OSA (AHI\<15 events/hour) is also a potential limitation as there may be a plateau in the effect of OSA on leptin levels. This type of plateau in OSA severity has been found for another biomarker---plasminogen activator inhibitor-1 (PAI-1).^[@R59]^ Finally, our study did not include controls. Recruiting well-matched controls with regards to obesity level and co-morbidities is very challenging, especially to find non-apneic controls for the more obese OSA subjects. These difficulties are reflected in the limitations of the current literature as discussed above. Instead our study employed the large range of obesity and OSA severity within our study cohort, to evaluate their relative importance on leptin levels. Our study cohort was also large enough to allow for assessment of the effects of various co-morbidities such as hypertension.

Other limitations include the use of a portable type III monitor (Embletta) instead of a full in-lab polysomnography. The study therefore lacks assessment of arousals. However, the Embletta portable monitoring system has been validated for assessing sleep-disordered breathing compared to polysomnography.^[@R60]^ Also, recent recommended scoring rules do not require arousals to assess hypopneas as some previous scoring rules did.^[@R61]^ Furthermore, our study did not include a whole body fat percentage assessment, such as dual energy X-ray absorptiometry (DEXA)^[@R62]^ in the otherwise detailed assessment of obesity level. But we had a very detailed assessment of actual volumes of both visceral and subcutaneous fat in the abdominal compartments. Finally, the blood was not drawn on the morning after the sleep study, but some time before the subject began CPAP therapy. But since the night-to-night variability in OSA severity is significantly smaller in home studies than in-lab polysomnography^[@R63]^ and the variability is smaller in severe OSA patients such as in this study^[@R64]^, we do not believe this to be of major concern.

Conclusions {#S26}
===========

The results of this study, the largest to date, on leptin levels in sleep apnea subjects show a dominant role of obesity and gender in leptin levels. OSA severity does not play a significant role except for a small association in a subgroup of nonobese nonhypertensive subjects. This finding requires replication and further assessment of its potential for clinical significance. Our results are in contrast to some of the previous literature and raise the question whether ethnicity plays a role in determining the effect of OSA on leptin levels.
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![The study cohort. Selection of the cohort by sleep apnea severity and division into BMI tertiles.](nihms394324f1){#F1}

###### 

Three-dimensional plots for leptin as a function of BMI and four alternative obstructive sleep apnea (OSA) severity measures: a) apnea-hypopnea index (AHI); b) oxygen desaturation index (ODI); c) Hypoxia time (minutes with SaO~2~ \< 90%); and d) minimum SaO~2~. The significance of associations between leptin levels and sleep apnea severity, obesity and their interaction are shown below the figures. A significant association of obesity and leptin levels is found but no association of OSA and leptin levels and no interaction of OSA and obesity. All plots are adjusted for gender.
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###### 

Three-dimensional plots for leptin as a function of BMI and apnea-hypopnea index (AHI) for a) non hypertensive (n = 249) and b) hypertensive subjects (n = 199). The significance of associations between leptin levels and sleep apnea severity, obesity and their interaction are shown below the figures. For non hypertensive subjects, a significant association of obstructive sleep apnea (OSA) and obesity with leptin levels is found. Also an OSA by obesity interaction is found with greater association of OSA and leptin in leaner subjects. In hypertensive subjects, no association with OSA is found. All plots are adjusted for gender.
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###### 

Demographic and sleep-disordered breathing data in the study cohort and in the 3 BMI groups. Data are presented as mean ± standard deviation or % where indicated. Significant differences between the 3 BMI groups are in bold (p\<0.05).

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                         All                BMI \< 30\           BMI 30 −\< 35\         BMI ≥ 35 kg/m^2^        *p-value*\
                                                                            kg/m^2^              kg/m^2^                                        *for comparison*\
                                                                                                                                                *between groups*[\*](#TFN1){ref-type="table-fn"}
  ------------------------------------------------------ ------------------ -------------------- ---------------------- ----------------------- --------------------------------------------------
  Age (years)                                            54.4 ± 10.6        55.1 ± 9.4           54.9 ± 10.9            52.8 ± 11.3             *0.13*

  \% of males                                            83.4               86.5                 83.3                   79.9                    *0.31*

  Body mass index (kg/m^2^)                              32.7 ± 5.3         27.6 ± 2.0           32.2 ± 1.4             39.2 ± 3.7              *N/A*

  Current smokers (%)                                    24.0               27.6                 22.8                   21.1                    *0.40*

  **Sleep disordered breathing**                                                                                                                

  Apnea-hypopnea index (events/hour)                     40.2 ± 16.1        38.9 ± 15.2          41.4 ± 16.8            40.4 ± 16.3             *0.38*

  Oxygen desaturation index (events/hour)                31.5 ± 14.1        **28.5 ± 12.4**      **31.7 ± 14.9**        **34.8 ± 14.2**         ***0.0006***

  Minimum SaO~2~ (%)                                     77.2 ± 7.2         **78.7 ± 5.9**       **77.6 ± 7.3**         **74.9 ± 8.0**          ***\<0.0001***

  Hypoxia time (minutes)                                 42.3 ± 60.7        **29.7 ± 41.7**      **39.0 ± 60.9**        **61.1 ± 73.7**         ***\<0.0001***

  Epworth Sleepiness Score                               11.6 ± 4.9         12.0 ± 4.8           11.3 ± 4.8             11.7 ± 5.0              *0.46*

  **Medical history**                                                                                                                           

  Hypertension (%)                                       44.4               **34.2**             **44.4**               **56.4**                ***0.0008***

  Cardiovascular disease (%)                             17.8               16.2                 17.4                   20.2                    *0.68*

  Diabetes (%)                                           11.1               **5.2**              **8.7**                **20.9**                ***0.0001***

  Leptin levels (ng/ml)[†](#TFN2){ref-type="table-fn"}   10.6 (9.9--11.3)   **6.7 (6.0--7.3)**   **10.8 (9.8--11.8)**   **17.9 (16.1--19.9)**   ***\<0.0001***
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

One-way ANOVA for continuous variables and Pearson chi-square test for percentages.

Geometric mean and 95% confidence interval determined from exponentiation of log transformed values.

###### 

Pearson correlation coefficients between leptin levels in serum to various obesity measurements in all subjects with MRI data (n = 371). The analysis is shown both unadjusted and adjusted for gender. Significant p-values for assessment of correlation are in bold (p\<0.05).

                                       Leptin levels (ng/ml)                                                                                    
  ------------------------------------ ------------------------------------------ ---------------- -------------------------------------------- ----------------
  Total abdominal fat volume (cm^3^)   **0.58**                                   ***\<0.0001***   ***0.73***                                   ***\<0.0001***
  Subcutaneous fat volume (cm^3^)      **0.67**                                   ***\<0.0001***   ***0.69***[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***
  Waist circumference (cm)             **0.44**[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***   ***0.67***[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***
  Body mass index (kg/m^2^)            **0.61**                                   ***\<0.0001***   ***0.64***[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***
  Visceral fat volume (cm^3^)          **0.24**[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***   ***0.59***[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***
  Neck circumference (cm)              0.04[\*](#TFN4){ref-type="table-fn"}       *0.50*           ***0.44***[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***
  Waist-to-hip ratio (cm/cm)           0.03[\*](#TFN4){ref-type="table-fn"}       *0.61*           ***0.42***[\*](#TFN4){ref-type="table-fn"}   ***\<0.0001***

Note: Leptin levels are log transformed for analysis. Similar correlations were obtained when assessed using Spearman correlation.

The magnitude of the correlation is significantly smaller than between leptin levels and total abdominal fat volume.

###### 

Pearson correlation between leptin levels in serum to OSA severity in the study cohort (n = 452) and for the 3 different BMI categories. Significant p-values for assessment of correlation are in bold (p\<0.05).

                              Pearson correlation coefficients with log(leptin) level                                                               
  --------------------------- --------------------------------------------------------- ---------------- -------- -------- ------- -------- ------- --------
  Apnea-hypopnea index        −0.04                                                     *0.40*           *0.01*   *0.86*   −0.14   *0.07*   −0.09   *0.30*
  Oxygen desaturation index   0.05                                                      *0.32*           0.02     *0.85*   −0.13   *0.10*   −0.07   *0.43*
  Minimum SaO~2~ (%)          **−0.17**                                                 ***0.0003***     −0.04    *0.66*   −0.12   *0.13*   −0.05   0.60
  Hypoxia time (minutes)      **0.20**                                                  ***\<0.0001***   0.13     *0.11*   0.08    *0.34*   0.14    *0.11*

Note: Similar correlations were obtained when assessed using Spearman correlation, the complete cohort (n=520) and when analyses were adjusted for gender.

[^1]: Co-senior authors: Thorarinn Gislason and Allan I. Pack
